An assessment of aerobic granular sludge (AGS) in a bubbled airlift continuous reactor (BACR) was done to determine the AGS growth kinetics in the continuous reactor and the impact of varied hydraulic retention time (HRT) against the AGS structure. Sodium acetate was used as the sole carbon source with a 100:20 ratio of COD/N synthetic water. The system was operated at five variations of HRT, i.e. 12, 10, 8, 6, and 4 hours, with organic loading rate (OLR) ranging from 1.6 to 4.8 g COD/day in the BACR. Organic removal decreased from 73% to 52%, along with the increment of OLR, while HRT decreased from 12 hours to 4 hours. The kinetics of organic removal in the BACR were examined to get a better understanding of organic removal trends by AGS in a BACR. The models used for biomass growth analysis were the Monod, Contois, Grau second-order, and Stover-Kincannon kinetic models. This study showed that the best suited models for organic removal in BACR were the Grau secondorder kinetic model with an a value of 0.1382 and a b value of 1.0776, and the Stover-Kincannon kinetic model with an R max of 5.8 g COD/L.day and a K B of 6.24 g COD/L.day.
Introduction
Conventional activated sludge systems have been widely implemented for over decades, but they have some drawbacks: high generated biomass volume, fluctuating loading rates, and large required area [1] . Aerobic granular sludge (AGS) is a promising novel technology for the treatment of biological wastewater. It consists of biofilm particles formed by complex microbial selfaggregation under very specific conditions. Some notable advantages of AGS have been reported: excellent settleability, compact microbial structure, high biomass retention, high organic loading resistance, and tolerance to toxicity [2, 3] . Moreover, compared to conventional activated sludge, AGS has a smoother surface, a faster start-up time, shorter settling time and longer retention time [4] . This may be explained by the low sludge volume index (SVI) of AGS (in the range of 50-85 mL/g), which is lower than activated sludge (usually 150 mL/g of SVI) [5] [6] [7] . AGS formation in a sequencing batch reactor (SBR) has already been proved to support a good physical structure of the granules and high organic removal efficiency. Formation of AGS in a sequencing batch reactor (SBR) has also been studied and proved to support a good physical structure of the granules and high removal efficiency in treating wastewater, especially for organic and nutrient removal. It is formed in five phases of the batch process: the filling, aeration, settling, decanting, and idle phases [3, 8] . Granulation of AGS in a full-scale SBR has been conducted in China [9] , resulting in a more compact structure and excellent settling ability compared to sludge produced in anaerobic/anoxic plug flow and oxidation ditch reactors. The SBR operating cycle with feast-famine period, shorter settling time, and no-return sludge pump is considered to play an important role in the granulation process. However, issues related to SBR operation have been raised for large-scale operation, especially in the decanting mechanism, skimming, and floatable materials. Furthermore, several key factors need to be fulfilled to maintain the SBR process and operation, including process equipment, monitoring and operational procedures, and adequate training of manpower [10] . On the other hand, a continuous operating system provides significant key features that the SBR system does not provide. It is considered to be more stable in operation, has less risk of BOD fluctuation, and is easier to maintain and monitor [10] .
This study conducted continuous operation for organic removal by AGS using a bubbled airlift continuous reactor (BACR). BACRs are known to deliver good hydrodynamics performance and maintain the homogeneity of the shear force in the reactor, which is suitable to maintain the AGS structure [11, 12] . The inner circulation of the liquid in the airlift reactor is suspected to be the primary contributor to the aerobic granulation process [13] . Removal kinetics were determined to get a better understanding of the organic removal trends by AGS in a BACR. The organic matter kinetics in the SBR reactor were investigated and assessed to know the limitations of substrate mass transfer of organic matter into the granules [14] , which can also be classified as biosorption [15, 16] . This research focused on organic removal kinetics in a BACR by observing substrate fluctuation during various operational HRTs.
Methods

Seeding
Seeding was carried out using a 10-liter container for 2 weeks, using sucrose as the primary substrate with the addition of nutrients. Acclimatization occurred indirectly due to the sludge's adaptation to the sucrose as the sole carbon substrate. Aeration was run during seeding until it reached 2000 mg/L of mixed liquor suspended solids (MLSS). Two parameters, i.e. pH and DO, were also monitored. pH was maintained in the range of 6-8, while DO was supplied via aeration to keep it at around 7 mg/L.
Granulation
AGS was cultivated in previous study [17] . AGS was first cultivated in an SBR column with a height of 1.2 m, a diameter of 0.05 m, and a volume of 2.4 L. It was conducted in an 8-hour operational cycle, as recommended by Liu [18] , with 60 minutes of filling, 407 minutes of aeration, 5 minutes of settling, and 8 minutes of decanting. Granulation was set for 20 days of operation with an OLR of 2.5 kg/COD/day as this has been proved as the optimum OLR for granulation [19, 17, 20 ] and 3 L/minute of aeration from the bottom of the SBR to provide 2.55 cm/s of superficial velocity.
Reactor Set Up
The BACR was seeded with AGS produced from the SBR with an OLR of 2.5 kg/COD/day and tested with five HRT variations to see the kinetic process in the continuous system. The BACR, adapted from Zhou, et al. [12] , consisted of two coaxial cylinders, with the outer diameter of 8 cm, the inner diameter of 5 cm, and a height of 1.4 m, resulting in 7 L of working volume of the reactor. Synthetic wastewater was fed and fine air bubbles were pumped from the bottom of the reactor to supply aeration and provide 2.55 cm/s of superficial velocity (see Figure 1 ). Operation was started with 12 hours of HRT, then decreased to 10 hours of HRT, 8, 6, and finally 4 hours of HRT. Each of the running conditions took 2 days of operational time. This operational time was considered by doing a test to check the organic concentration and organic removal as main criteria for steady state condition.
Synthetic Water
Sodium acetate was chosen as source of organic carbon due to its simple chemical structure. NH 4 Cl, K 2 HPO 4 , and KH 2 PO 4 were used as sources of nitrogen and phosphorus. Microelements incorporated in the system were CaCl 2 .2H 2 O and MgSO 4 .7H 2 O. The composition of synthetic wastewater was adapted from Koh [19] , as listed in Table 1 . 
Analytical Methods
All parameters were analyzed according to the Standard Method for the Examination of Water and Wastewater (SMEWW) ( Table 2 ). The settling velocity was determined by dividing the distance of the settling test with the settling time. The granule diameter was measured using microscopic view of an Olympus Microscope CX31RTSF, Japan, and measured according to the magnification used. 
Data Analysis
Four models were used in this research: the Monod, Contois, Grau secondorder, and Stover-Kincannon kinetic models. The equations (Eqs. (1) to (11)) of each model are briefly described in Table 3 [21] . The Monod kinetic model assumes that the half-saturation constant (Ks) is independent from the population density, whereas the Contois kinetic model assumes that Ks are dependent on the population density [22] . The Stover-Kincannon kinetic model assumes that the substrate utilization is affected by OLR [23] , and the Grau second-order model was derived from combining the Monod model and the kinetics of the chemical reaction, which simulates gradual diminution of individual components with time and is not limited to integers only [24] . Table 3 Kinetic equations.
Kinetics Equations
Contois
Grau second-order
3 Results
Granule Characterization
The AGS was taken from the granule cultivation in previous study [17] . It was formed in an SBR for three weeks, resulting in approximately AGS with a size of 2 mm size and 55.714 mL/g of SVI, 2100 mg/L of MLSS, an aspect ratio of 0.8, and a removal capacity of 79% for 300 mg/L of initial COD.
Effect of HRT on AGS Structure
Investigation of the removal of organic substrates using AGS was done in a BACR with 5 HRT variations in 10 days in total. Continuous operation was started with 12 hours of HRT until COD removal reached steady state. The HRT was gradually decreased every 2 days, to 10, 8, 6, and 4 hours. This section explains the granule's structural characteristics, specifically diameter, settling velocity, and SVI. In continuous operation, it was found that diameter and settling velocity slowly decreased over time. The granule diameter decreased to 0.6 mm while the settling velocity of AGS decreased up to 7.9 m/hour and the SVI increased from 58.4 mL/g on day 0 to 120 mL/g on day 10 (Figures 2 and 3 ).
Diameter, settling velocity, and SVI were considered as the main parameters in order to classify the strength of the AGS [25] . Tay, et al. [26] state that the SVI of AGS is about 50 to 80 mL/g. As can be seen in Figure 5 , the SVI was above 80 mL/g after the 4th day. Further microscopic observation was used to observe the granule morphology. From microscopic observation, the granule surface was clear with no filamentous bacteria existing since the beginning of continuous operation. Its shape was almost completely round and solid, but after the 4th day, the AGS was starting to deteriorate, as can be seen in Figure 4 . This condition occured while the reactor operation entered the third phase with 8 hours of HRT. This AGS breakage lead to a decrease in diameter and settling velocity, and an increase of the SVI. 
Effect of HRT on the Organic Removal and Biomass
The experiment consisted of 5 HRT variations that gradually decreased every 2 days to ensure its steady state condition: 12, 10, 8, 6, and 4 hours of HRT. In the 12 hours of HRT, organic removal reached 73%. As HRT decreased to 10 hours, organic removal also decreased to 70%. COD removal in steady state condition continuously decreased in every HRT variation conducted. It ended with 52.4% COD removal efficiency at 4 hours of HRT.
From Figure 5 it can be concluded that the increase of organic removal was directly proportional to HRT, with a slope of 0.0265 and an R 2 of 0.8935. Similarly, the biomass concentration in the reactor was also directly proportional to HRT with a slope of 0.0928 and an R 2 of 0.8299. The decreased amount of MLSS at a short retention time caused the biomass to be washed out. This also happened in a previous study, where washout occurred in a completely stirred tank reactor when the HRT was decreased to 2.4 hours [27] .
Figure 5
The effect of HRT on MLSS and organic removal efficiency. Figure 6 shows the decrease in substrate removal efficiency during operation, leaving a steady concentration of effluent substrate in each phase. Washed-out suspended solid may indicate AGS disintegration and affect retention rate reduction [28] . AGS can be broken because of several conditions, such as AGS mass transfer limitation when AGS formation reaches a large granule diameter [29] . Dead bacteria inside the granules may also weaken the granule structure, eventually leading to disintegration [25] . OLR also has an effect on the system. Once the OLR gets too high, it could lead the AGS to be ruptured and deteriorated. Val del Rio, et al. [28] stated that the maximum acceptable OLR to maintain the AGS structure is 4.4 kg COD/m3/day. As for this study, a decrease of HRT resulted in an increased OLR ranging from 1.6 to 4.8 g COD/day. The experiment showed that the AGS disintegrated at an HRT of 8 hours (for OLR higher than 3.2 g COD/day). The running sequence of HRT variations may also have played a role in this, considering that AGS activities could be affected by several different operating systems through OLR increment. Therefore a parallel operation system is suggested for further research in order to confirm the influence of the operating system.
Kinetic Models
The kinetic parameters of the Monod model can be determined using Eqs. (6) and (7), as shown in Figure 7 . From Figure 7 By regression θ c /(1 + θ c .Kd) to X/S, the gradient and intercept of the line were obtained as 0.0465 and 0.1971. Thus, it can be seen that the kinetic parameters Contois μ max and β were respectively 5.07 day -1 and 0.24 g COD/L. With the same method (see Figure 5 ), the kinetic parameters for the Grau second-order model resulted in a dimensionless Grau second-order constant a value of 0.1382 and a b value of 1.0776, and the Stover-Kincannon model gave a result of 5.8 g COD/L.day as maximum utilization constant (R max ) and 6.24 g COD/L.day for the saturation value constant (K B ) (see Figure 8 ).
To determine the best fit kinetic model, as adopted by Jijai [21] , the organic removal kinetic was calculated under steady-state condition, where the AGS activity on organic degradation was already stable [21, 22, 30, 31] . The predicted COD from the model equations was then compared with the measured COD. From the comparison shown in Figure 9 , the Grau second-order and Stover-Kincannon model were the best fit models to represent the process of AGS activity in the system, with an R 2 of 0.957. The Stover-Kincannon kinetic model assumes that the substrate concentration at t time is dependent on OLR [23] . In previous studies, the kinetic models were usually applied on a UASB reactor, resulting in a and b values for the Grau second-order as shown in Table 4 . For the Stover-Kincannon model, the maximum utilization constant (R max ) and saturation value constant (K B ) in this study were lower than the values obtained for cassava wastewater using a UASB [21] and similar to other substrates from textile wastewater [30, 31] . In this case, the BACR provided by aerobic system while the main operation was conducted continuously by anaerobic system. To improve AGS microbial activity some suggestions can be done to improve the quality of the AGS structure and increase the organic removal capacity by adjusting some technical parameters in BACR, including HRT. 
Conclusions
Four kinetics models were used to get the best fit model for representing AGS behavior in a BACR: the Monod, Contois, Grau second-order, and Stover-Kincannon kinetics models. The two best kinetic models to represent the relationship between the AGS and its substrate were the Grau second-order model with kinetic parameters a and b values of 0.1382 and 1.0776 respectively, and the Stover-Kincannon model with an R max parameter value of 5.8 g COD/L.day and a K B value of 6.24 g COD/L.day.
From this study it can be concluded that OLR affects the substrate utilization at different concentrations. However, this study still needs to be further developed since the AGS structures were still vulnerable and washout could occur. Some suggestions to be considered for future studies are: (1) improving the aerobic granular structure stability, (2) conducting each HRT variation using the initial sample within the same period of time to test the effect of HRT on the granules quality.
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